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Agricultural chemicals used on cropland havebeen recognized as potential nonpoint sources ofnitrate-nitrogen and pesticides detected inaquifers throughout Iowa (Hallberg, 1989). The
quality of water leaching through glacial till soils to the
shallow groundwater system is important in Iowa and other
areas that rely on surface and subsurface water as a
drinking water supply. Production agriculture has
responded to concerns about water quality and the
environment by implementing management practices such
as conservation tillage. Conservation tillage can reduce
surface water contamination by reducing surface runoff and
erosion. However, the increased infiltration has the
potential to increase leaching losses of chemicals to the
shallow groundwater system (Kanwar et al., 1988; Everts
and Kanwar, 1990).
A concern with conservation tillage practices is the
development and persistence of preferential flowpaths in
the soil profile. Preferential flowpaths, such as wormholes,
decayed root channels, and soil cracks, provide a means to
rapidly transport nitrate-nitrogen and pesticides to the
water table. Preferential movement of water and chemicals
has been observed in field and laboratory studies (Richard
and Steenhuis, 1988; Everts and Kanwar, 1990;
Kanwar et al., 1990; Singh and Kanwar, 1991). Although
preferential flow is recognized as a means of chemical
transport with both conventional and conservation tillage
practices, the overall effect of preferential flow on
groundwater quality is largely unknown.
One approach to investigating chemical transport is the
use of piezometers and vadose zone sampling techniques to
measure chemical concentrations at different locations in a
field or watershed. This method provides point data on
water quality changes at various depths in the soil profile
throughout the field or watershed. However, spatial and
temporal variability complicates data analysis and care must
be taken when interpreting the data (Starr et al., 1991).
Piezometers have been used extensively to monitor
groundwater quality and determine groundwater movement
at the field and watershed scales (Denver, 1991; Koterba et
al., 1991; Kanwar et al., 1993). Piezometers installed in the
saturated zone can be used to evaluate the effect of various
tillage and chemical application practices on groundwater
quality. However, the use of piezometers is limited to
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saturated conditions and provide no data if the water table
falls below the level of the piezometer.
Methods to extract water samples from the unsaturated
zone have been developed. Vacuum lysimeters, consisting
of a porous material, are installed in the unsaturated soil
and an applied vacuum draws water through the porous
material into a collection vessel. Other methods used to
extract water from unsaturated soil include wick samplers,
or gravity collection pans to capture infiltrating water
(Dorrance et al., 1991).
One method used to minimize the difficulty of
variability is analysis of drain tile effluent (Everts and
Kanwar, 1990). The advantage of using drain tile effluent is
that the resulting outflow hydrograph integrates the effects
of preferential flow and spatial variability into field scale
equivalent parameters. A disadvantage of this technique is
the difficulty in separating out the preferential flow
component of the outflow hydrograph. Everts and Kanwar
(1990) employed a technique similar to baseflow
separation of a stream flow hydrograph to estimate the
preferential flow component of the drain outflow. Another
approach to separating preferential flow component from
tile flow was to assume that preferential flow occurs only
during precipitation events and ceases when precipitation
ceases (Kumar and Kanwar, 1994).
Soil monoliths can also be used to study chemical
transport. Monoliths have been used to study chemical
transport through both disturbed (Corwin and LeMert,
1994) and undisturbed soil columns (Klocke et al., 1993).
While soil columns are valuable in studying chemical
movement through soil, it is difficult to remove and
transport large soil columns from the field to the laboratory.
Caisson lysimeters offer the advantage of monitoring
vadose zone flow under field conditions. This type of
lysimeter consists of collector pipes installed radially from
a vertical chamber (Dorrance et al., 1991). This method is
advantageous because the horizontally installed collector
pipes intercept water percolating through undisturbed soil.
Since the samplers are installed horizontally, macropore
structure is not disturbed from the surface to the point of
sampling. Additionally, farm management practices such as
tillage and chemical application can be performed directly
over the sampling point without interference which occurs
with vertically installed systems.
One example of caisson lysimeters being used in the
field was at a research site in South Dakota. In this study,
caisson lysimeters were installed in the vadose zone to
study preferential flow through a glacial till soil profile
(Bjorneberg and Bischoff, 1989). Lysimeters, which were
1.3 m diameter × 2.3 m deep, were installed at fifteen
different locations in the field. Water samplers were
installed at 60, 120, and 180 cm depths in each lysimeter.
Additionally, electronic tensiometers and a data logger
system (Campbell Scientific CRIO) were installed to
monitor changes in soil water pressure head.
The research facility designed in this study was modeled
after the lysimeters installed at the South Dakota site with
some modifications. The main difference was the size and
depth of the excavated vertical chamber. This type of
system was chosen because of the advantages associated
with horizontally installed instrumentation. Also, by
excavating a larger chamber and installing instrumentation
around the perimeter, it was possible to obtain replication
without the expense of excavating additional lysimeters.
Additionally, by increasing the depth of the excavated
chamber, it was possible to collect water samples from
below the water table. This design enabled data collection
at various depths in the unsaturated zone as well as from
the shallow groundwater system. Therefore, the objective
of this study was to design and construct a research facility
which can be used to investigate agricultural chemical
transport from the soil surface to the shallow groundwater
system. A rainfall simulation experiment was conducted to
test the facility by collecting water samples for chemical
analysis at five depths in the soil profile with five
replications at each depth.
MATERIALS AND METHODS
The site chosen for construction of the borehole cavity
was located in a 11.7 ha field at the Agronomy-Agricultural
Engineering Research Center near Ames, Iowa. The area
where the borehole cavity was constructed consisted of
subsurface drained plots, and is part of an ongoing research
project investigating the effects of various tillage and
chemical management practices on groundwater quality.
The borehole cavity was designed to complement data
collection activities at the site, and was installed in a plot
approximately 7.6 m from a subsurface drain. The soil type
around the borehole cavity was classified in the Nicollet-
Webster series with a nearly level soil surface. Sand lenses
are common at approximately 90 to 120 cm depths for this
soil type. Typical saturated hydraulic conductivity values in
the soil profile range from 10–2 to 10–5 cm s–1.
CONSTRUCTION AND INSTALLATION OF BORE HOLE CAVITY
A vertical chamber was excavated using a crane
mounted auger system operated by a local construction
contractor. The soil horizons were described during
excavation of the hole by observing the change in soil
color, texture, and organic matter. Based on these
observations, soil core samples (75 mm × 75 mm) were
collected for hydraulic conductivity analysis. A 10-gauge
corrugated steel culvert, 3.05 m diameter × 3.65 m length,
was installed vertically in the hole with approximately
0.15 m length extending above the soil surface. The
annular space around the borehole perimeter was filled
with a mixture of 50% sand and 50% granular bentonite.
The bentonite was used to seal the perimeter and prevent
short circuiting of water along the cavity wall, while the
sand was used to prevent large cracks from forming during
dry weather. During culvert installation, one face of the
wall started to collapse, and PVC pipes were installed
outside the culvert wall to facilitate pumping a grout slurry
into the affected area.
After the annular space around the borehole perimeter
was filled, a sump was constructed at the bottom of the
cavity to remove drainage water. Then, a concrete floor
was installed to seal the bottom of the cavity. Concrete was
added so that the floor was approximately 3.4 m from the
soil surface. This procedure was used to anchor the culvert
in place and offset the buoyancy force expected when the
water table may rise near the soil surface. After the
concrete cured, the bottom of the sump was sealed to
prevent dewatering the area around the borehole cavity. A
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schematic sketch of the completed borehole cavity is
illustrated in figure 1.
A metal cover with access holes was constructed over
the borehole cavity to provide a safe working environment.
There are additional safety issues associated with the
installation and operation of this type of system. The
borehole cavity is a confined space and subject to OSHA
guidelines and regulations concerning the construction and
use of the cavity. In some cases, a special permit may be
required to operate similar systems (Occupational Safety
and Health Administration, 1993).
SUCTION LYSIMETER CONSTRUCTION AND INSTALLATION
AROUND THE BOREHOLE CAVITY
The suction lysimeters installed in the soil were
commercially available porous stainless steel cylinders*
modified for soil water extraction. The cylinders were
manufactured with 0.2 μm pore sizes, 0.06 m OD and 1 m
long. The cylinders were closed by welding a 0.06 m round
stainless steel plate to one end and closing the other end
with a stainless steel adapter, which was machined such
that the lysimeter would mate with a standard 0.051 m
threaded PVC well casing (fig. 2).
Two sampling ports were installed as a means to create a
vacuum inside the lysimeter, and to flush the system if
necessary. The curved port was designed so that most of
the leachate could be removed from the system. The longer
port was designed to be plugged during normal operation,
but could be used to flush the system if required.
Prior to lysimeter installation, each lysimeter was
cleaned using a nitric acid solution (one part HNO3 and
four parts distilled water) followed by rinsing with distilled
water as per manufacturers’ recommendations. The acid
bath procedure was used to remove any impurities due to
manufacturing and handling of the materials. After
completing the cleaning process, it was imperative to
handle the lysimeters with rubber gloves to prevent
contamination. Air entry values for each lysimeter were
determined in the laboratory. Testing of the samplers
indicated that all samplers could maintain a bubbling
pressure of approximately 600 cm of water. This test was
also used to detect any leaks in the welds or fittings.
A commercial contractor specializing in horizontal
boring was hired to excavate the horizontal holes and
install the suction lysimeters. Horizontal holes were
excavated using an air drill to power a commercially
available drillers bit and water jet.
Installation of each lysimeter was a three step process.
First, a 0.3 m length of 0.076 m steel Schedule 40 pipe was
installed horizontally in a hole drilled through the culvert
wall and welded into place. This short length of steel pipe
provided a smooth entrance through the corrugated culvert
wall. Secondly, a 0.076 m diameter hole was drilled
laterally from the cavity wall to a distance of 3.66 m. Then
a 0.064 m diameter Schedule 40 PVC access pipe was
inserted to maintain the structure of the hole, and to
facilitate installation and removal of the suction lysimeter.
Lastly, a 0.06 m diameter hole (the outside diameter of the
suction lysimeter) was drilled an additional meter from the
end of the access pipe where the suction lysimeter was to
be located. Since the inside diameter of the access pipe was
only slightly larger than the outside diameter of the suction
lysimeter and PVC well casing, it was necessary to remove
all soil particles from the access pipe. This was
accomplished by flushing the access pipe with a garden
hose and a reverse direction nozzle. As a final cleaning, a
rag attached to a pipe was used to sweep the access pipe,
because in one case some sand particles caused a lysimeter
to bind during installation.
Once the access pipe was clean, a suction lysimeter was
mated with a 1.5 m length of 0.051 m diameter Schedule
40 PVC well casing, and installed through the access pipe.
Additional lengths of well casing were attached as the
suction lysimeter was being installed. The suction
lysimeters were rotated to ensure the curved sampling port
pointed down. The annular space between each of the pipes
was sealed with rubber O-rings to provide a water tight seal
and prevent water from seeping into the borehole cavity
(fig. 2). Teflon tubing attached to the sampling ports
extended back into the borehole cavity, enabling the
extraction and collection of soil water.
The above procedure was used to install suction
lysimeters at the 60, 120, 180, 240, and 300 cm depths at
five different locations around the perimeter of the
borehole cavity. Lysimeters installed at different depths
were offset so that only one lysimeter was installed in a
given vertical plane to allow monitoring of preferential
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Figure 1–Borehole cavity installation technique.
Figure 2–Schematic of suction lysimeter installation.
* Manufactured by Mott Metallurgical Corporation, Farmington, Conn.
flow through fractures, cracks, and worm or root channels
reaching the various depths.
The soil water extraction system was completed by
placing collection bottles in containers attached to the cavity
wall beside each suction lysimeter (fig. 3). These bottles
were connected to a vacuum source and the teflon tubing
from the lysimeter. A suction regulator was installed to
maintain the maximum suction applied to the system. By
trial and error, it was determined that a suction of 150 cm
was necessary to collect samples during leaching events.
Higher tensions could be achieved by changing the depth of
water in the suction regulator. This installation method
provided a comprehensive network of sampling points
around the perimeter of the bore hole cavity (fig. 4). Suction
lysimeters were installed 4 m from the cavity wall to
minimize interference with the natural flow system and
because an existing rainfall simulator could be used to apply
water over the area. Additionally, the system was installed to
minimize interference with tillage and chemical application
procedures in a five-row, controlled traffic system.
SOIL WATER PRESSURE HEAD MONITORING SYSTEM
Transiometers (manufactured by Wat-R-Mation,
Brookings, S.D.), which consisted of differential pressure
transducers coupled with a ceramic cup, were a key
component of the electronic monitoring system.
Transiometers are electronic tensiometers that can be used
to estimate the pressure head by measuring the differential
pressure and calculating the head with a calibration curve
(Trooien et al., 1984). For this study, transiometers were
installed at the 60, 120, and 180 cm depths at five different
locations around the cavity wall perimeter, and in the
proximity of the suction lysimeters. The water table is
normally at or above the 180 cm depth.
The method used to install the transiometers was similar
to the procedure used to install the suction lysimeters, with
the only difference being the different size steel and PVC
pipe. Similar to installing the suction lysimeters, a 0.051 m
diameter Schedule 40 steel pipe was installed horizontally
through the cavity wall and welded into place. Then, a
0.051 m hole was drilled horizontally to a distance of
3.66 m from the cavity wall and a 0.038 m diameter
Schedule 80 PVC pipe was installed as an access tube. A
small volume of soil was removed from the end of the
access tube where the ceramic cup was to be located, and
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Figure 3–Schematic illustrating the borehole cavity with suction
lysimeter and soil water sampling equipment.
Figure 4–Top view of the borehole cavity and suction lysimeters with respect to controlled traffic crop rows and rainfall simulator.
the transiometer was installed through the access tube
while seating the cup with a pushrod (fig. 5).
A data logger (Model CR10 manufactured by Campbell
Scientific, Inc.) and multiplexer (Model AM416
manufactured by Campbell Scientific, Inc.) were installed
to measure and record hourly output from the
transiometers. Additionally, a tipping bucket rain gage
(Model TE525 manufactured by Campbell Scientific, Inc.)
was installed to record rainfall characteristics. The
monitoring system was installed with the option to
automatically start the peristaltic pump. A control port on
the data logger was used to energize the circuit when a
leaching event was indicated by a rainfall event and a
sudden change in pressure head at the 60 cm depth. This
option could be used to collect water samples during late-
night thunderstorms.
FIELD EXPERIMENTS
Prior to conducting the rainfall simulation experiment in
June 1992, the subsurface drain (located about 7.6 m from
the caisson lysimeter) was not flowing and was plugged to
minimize interference in groundwater flow during the
experiment. The water table was at the 160 cm depth at the
start of experiment. Field experiments were conducted on a
site which was managed as no-till corn since 1984, with
1992 the first year of a no-till soybean/corn rotation practice.
Although the practice was described as no-till, the field was
cultivated twice for weed control each year during this time
period. Additionally, the area was managed using a
controlled traffic, five row implement system. Nitrogen
fertilizer was applied at 175 kg-N ha–1 each year from 1984
through 1991 but no nitrogen fertilizer was applied during
1992. Herbicides applied to the field site during 1984
through 1991 included combinations of cyanazine, alachlor,
metolachlor and atrazine. Since soybean was planted in
1992, the herbicide management practice was modified and
metribuzin and metolachlor were applied at 2.24 kg ha–1 and
0.56 kg ha–1, respectively.
TRACERS USED TO SIMULATE WATER AND
CHEMICAL TRANSPORT
Chloride and bromide were used as conservative tracers
to illustrate water and nitrate-nitrogen movement during the
rainfall simulation experiment. Chloride was used to
illustrate infiltration of the surface applied water while
bromide was used to simulate movement of soil nitrate-
nitrogen through the soil profile. Potassium chloride was
dissolved in the sprinkler-applied water at a concentration of
230 mg-Cl L–1. This concentration was used to ensure that
infiltrating water could be readily detected in the collected
samples. Bromide was applied to a 19 × 19 m square area
around the borehole cavity by dissolving potassium bromide
in water and applying the solution with a tractor mounted
sprayer. The bromide in solution was applied the night
before the experiment at a rate of 175 kg-Br ha–1, which was
the rate of nitrogen fertilizer used in the past.
Herbicides were not applied specifically for this
experiment, but metolachlor and metribuzin were applied
as part of the overall herbicide management practice.
Initially, the experiment was to be conducted shortly after
herbicide application, but time constraints caused a three-
week delay. Unfortunately, there were two natural rainfall
events during this time period. A 1.5 mm rainfall occurred
three days after herbicide application and an 18 mm
rainfall occurred over an 18 h time-period five days after
herbicide application. Even though the rainfall, along with
plant uptake, volatilization and degradation, would
complicate interpretation of the herbicide data, it was
decided to collect samples for herbicide analysis.
RAINFALL SIMULATION EXPERIMENT
The rainfall simulation was conducted by placing a
rotating boom sprinkler machine (Swanson, 1965) over the
borehole cavity. Sprinklers were not located directly above
the borehole cavity, but there was some runoff from the
cover. The runoff volume was considered to be negligible
and was ignored because the sampling points were 4 m
from the cavity wall.
A target rainfall depth of 127 mm was applied to the soil
surface. A gasoline powered centrifugal pump was used to
deliver water from two canvas tanks to the simulator, and a
gate valve and flowmeter were used to control the flow and
achieve a rainfall rate of 15.25 mm h–1. Rain gages were
placed in each area to measure actual application depths
over the samplers. Since this was the first rainfall
experiment over the borehole, the low rainfall rate was
used to prevent surface runoff and the large application
depth was used to ensure that water would be leached to
the deeper lysimeters. Additionally, the datalogger was
programmed to record the pressure head every minute
during the course of the experiment.
The water sample collection system was modified to
facilitate connecting both 15 mL disposable test tubes for
conservative tracer samples and 950 mL glass jars for
herbicide samples. Two tees along with tubing and squeeze
clamps were installed in the collection line so that the
collection vessels were installed in parallel. This
configuration was used so that either sample bottle could
be changed without losing vacuum in the suction lysimeter.
A high volume vacuum pump was used to create suction in
the lysimeters during the experiment because the existing
peristaltic pump would not suffice due to the constant
changing of collection bottles.
Prior to initiation of the experiment, water samples were
collected to determine background concentrations of the
tracers and herbicides. However, baseline samples were not
obtainable from the 60 and 120 cm depths due to dry
conditions. During the course of the experiment, soil water
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Figure 5–Schematic of the transiometer installation.
samples were collected every 15 min or as often as possible
from each lysimeter for conservative tracer analysis.
Samples for herbicide analysis were collected hourly from
every lysimeter at the 60, 120, and 180 cm depths.
Composite samples were collected hourly from the 240 and
360 cm depths to reduce the cost of analysis.
Five assistants were stationed in the borehole to collect
soil water samples. Each person was responsible for
collecting water samples from one set of five lysimeters
and recording the bottle number and time of collection for
each sample obtained. Composite herbicide samples were
collected by partially filling the glass jar at each station.
Samples were collected over a period of 14.5 h, which
included seven hours after the rainfall was completed.
A total of 1175 samples were collected for conservative
tracer analysis while 180 samples were collected for
herbicide analysis. Chloride and bromide concentrations
were determined using a high pressure liquid
chromatograph (HPLC) with detection limits of
approximately 0.1 mg L–1 for chloride and bromide while
herbicide concentrations were determined using a gas
chromatograph (GC) with detection limits of 0.1 μg L–1 for
metolachlor and metribuzin.
RESULTS AND DISCUSSION
The main difficulty encountered during the rainfall
experiment was the moderate windspeed during the latter
half of the rainfall simulation. The target rainfall application
depth was 127 mm while actual application depths were
114 mm for Area A, 139 mm for Area B, 120 mm for Area
C, 107 mm for Area D, and 102 mm for Area E. The actual
rainfall period for the simulation was 450 min.
Two transiometers located at the 60 and 120 cm depths
in area E malfunctioned and no pressure head data were
available for these locations. After the experiment, it was
discovered that poor electrical connections caused over
range values to be recorded by the data logger. However,
the remaining transiometers functioned flawlessly over the
course of the experiment.
The suction regulator in the vacuum line source was
used to ensure that a maximum of 150 cm of suction was
applied to the lysimeters. However, in some cases water
samples were not obtainable in the unsaturated soil even
though the measured pressure head was greater than
–150 cm. One explanation may be that the actual suction
created in the suction lysimeter was much less due to
friction and temporary loss of suction when sample bottles
were changed. Another explanation may be that hydraulic
contact between the suction lysimeters and the soil was not
achieved during installation.
SOIL WATER PRESSURE HEAD RESPONSE
The soil water pressure head data recorded at three
depths in Area B are given as an example of responses
observed during the experiment (fig. 6). Although there
was variability between the different areas, responses in
area B were typical, with the main differences being
magnitude of water table response and the time that
pressure head changes were first detected. Pressure head
data showed that the water table depth decreased by
115 cm in area A, 125 cm in area B, 120 cm in area C,
80 cm in area D, and 75 cm in area E.
Initially, the water table in area B was approximately
160 cm below the soil surface as indicated by the +20 cm
head recorded at the 180 cm depth. The centrifugal pump
lost prime approximately 30 min before the end of the
simulation because the canvas tanks were nearly empty.
The pump prime was restored after a five-minute delay,
and water was applied an additional 25 min until the tanks
were empty. This brief interruption in rainfall was detected
as a sudden change in head shortly before the end of the
simulation. This shows that the transiometers performed
well during the rainfall simulation event.
CONSERVATIVE TRACER BREAKTHROUGH CURVES
Generally a wide range of conservative tracer
breakthrough curves was observed during the experiment
which indicated preferential flow was occurring. For
example, chloride concentrations were near the applied
concentration of 230 mg L–1 for much of the simulated
rainfall at some lysimeters while steadily increasing
chloride concentrations were observed with other
lysimeters at the same depth. In some cases, elevated tracer
concentrations were observed with the deep lysimeters
before changes in concentration were observed with the
shallow lysimeters.
Tracer concentrations observed in area B are illustrated
in figures 7 and 8. Chloride and bromide concentration
observed at the 60 cm depth increased steadily with time,
which suggested that matrix flow dominated this lysimeter.
Chloride concentration at the 120 cm depth increased
rapidly to the applied concentration of 230 mg L–1 which
strongly suggested preferential flow to this depth. The
chloride concentration remained at approximately
230 mg L–1 for three hours until the concentration
decreased to 80 mg L–1. The decrease in chloride
concentration coincided with the time the water table
reached this depth. This response may represent measuring
flux average concentration of preferential flow versus
measuring volume average concentration below the water
table. In other words, the high chloride concentrations
represent concentrations in water flowing through the
preferential flow path which may be a small portion of the
area intercepted by the lysimeter while the lower
concentrations represent an average concentration in
groundwater surrounding the lysimeter.
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Figure 6–Matric potential responses observed at three depths in
Area B.
A similar chloride breakthrough response was observed
at both the 180 and 240 cm depths where a peak
concentration occurred before the end of the rainfall
simulation. There was little change in chloride
concentrations at the 300 cm depth, but two small peaks
suggested that chloride enriched water was leached to this
depth. Chloride and bromide concentrations observed at
depths of 180, 240, and 300 cm showed that the tracers
were detected at these depths within 3 h of the beginning of
rainfall. Peak concentrations of chloride and bromide were
observed at the 180 cm depth before the end of rainfall.
These data indicate the evidence of preferential flow
causing rapid transport of chemicals to deeper depths.
Bromide was detected in the initial samples collected at
the 120 cm depth, but the concentrations increased more
rapidly where the suction lysimeters were below the water
table except at the depth of 300 cm. Although the chloride
concentrations illustrated rapid infiltration of surface
applied water, the bromide concentrations suggested that
preferential flow bypassed the surface applied tracer. This
response was consistent with macropore flow where the
surface applied water flowed directly into the flow path
and had limited contact with the surface applied tracer.
Bromide breakthrough responses were similar to chloride
breakthrough responses at depths of 180, 240, and 300 cm.
HERBICIDE BREAKTHROUGH CURVES
Herbicide concentration trends were not as apparent as
the conservative tracer trends because samples were taken
less frequently, and in some cases, it was difficult to obtain
sufficient sample volume. For example, sufficient sample
volume was not obtainable from the 60 cm depth in area A
and area E during the experiment while five hourly samples
were obtainable from other lysimeters at this depth. In most
cases, sufficient sample volume was obtainable only when
the suction lysimeter was below the water table.
Therefore, limited samples were available at the 60 cm
depth because the water table did not submerge these
lysimeters until shortly before the end of the rainfall
simulation. Generally, herbicide concentrations increased
with time, and the peak concentration coincided with the end
of the rainfall simulation. Although there were differences in
peak concentration at the 60 cm depth, the metribuzin and
metolachlor concentrations observed in area B were typical
of other areas at this depth (fig. 9). Samples with no
detection of herbicides were plotted as zero concentration.
Observed peak metribuzin and metolachlor concentrations
were 2.6 and 3.3 μg L–1, respectively, which were much less
than the 200 and 100 μg L–1 lifetime health advisory for
metribuzin and metolachlor (U.S. Environmental Protection
Agency, 1994).
Herbicide concentrations observed at 180 cm depth and
below showed no specific trend as was apparent with the
conservative tracer concentrations. Generally, many of the
samples collected were below the detectable level with
occasional detections of less than 0.5 µg L–1. However,
metribuzin was detected at the 240 and 300 cm depths
which showed that herbicides are susceptible to
preferential transport three weeks after application.
Conversely, the rainfall application rate and depth
represented an unusual rainstorm, which was similar to the
100-year, 6-h storm for central Iowa (Waite, 1980).
Transport to this depth may not be realistic during an
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Figure 7–Chloride concentrations observed at all depths in area B.
Figure 8–Bromide concentrations observed at all depths in area B.
average year, but the observed responses provide useful
data on understanding the concepts of preferential flow.
DISCUSSION
The borehole cavity used in this experiment proved to
be a valuable tool for investigating preferential transport of
chemicals through the vadose zone. Mechanically, the
system functioned properly with the exception of two
lysimeters at the 60 cm depth which may not have been
installed with good hydraulic contact between the soil and
the lysimeter. The frequent measurements of pressure head
in conjunction with frequent samples for water quality
analysis illustrated that water and tracers rapidly infiltrated
to the shallow groundwater system.
However, the sampling technique used in this
experiment needs to be improved during future application
of the system. Sample collection based on volume of water
would be valuable to estimate the collection efficiency of
each lysimeter. Additionally, data to measure residual tracer
mass in the soil matrix should be collected to facilitate
mass balance estimates of the tracer.
The wide range of tracer breakthrough curves observed
in this experiment emphasized the random nature of
preferential flow paths. Kung (1993) suggested that
sampler placement may be critical when evaluating
preferential transport of chemicals. Although the location
of preferential flow paths was not considered when
installing the borehole cavity, it was reasoned that
installing suction lysimeters above and below the water
table would be adequate to evaluate chemical transport
through the vadose zone. However, a statistical analysis of
the data needs to be conducted to determine if the area
intercepted by the lysimeters is large enough to describe
the field scale variability.
A conclusive answer to whether preferential flow
increases or decreases chemical leaching from the root
zone was not apparent in this study. In the case of the
120 cm depth in area B, it appeared that preferential flow
bypassed bromide which suggested preferential flow was
beneficial, but at the same location the highest metolachlor
concentration was observed (fig. 10) which suggested
preferential flow accelerated chemical leaching from the
root zone.
Although the deep lysimeters showed that typical
fertilizer application rates could result in nitrate-nitrogen
concentrations exceeding 10 mg L–1, the rainfall
characteristics used in this experiment represented an
extreme case. The low rainfall intensity along with the high
application depth was consistent with other studies which
showed that low rainfall intensities increased chemical
displacement from the soil surface (Trojan and Linden,
1992) and the high application depth increased the depth of
infiltration (Shipitalo et al., 1990).
Similarly, the data collected from the deep lysimeters
(not shown in this article) indicated that herbicide
concentrations were near or below the detectable level
during the experiment. It is possible that the three-week
delay after herbicide application decreased the chemical
mass available for leaching. The natural precipitation
events, along with degradation and plant uptake may have
reduced leaching losses during the rainfall simulation
experiment. Additionally, the 18 mm natural rainstorm may
have allowed the herbicides to migrate into the soil matrix
as suggested by Shipitalo et al. (1990), thus reducing
leaching during the experiment.
The presented data illustrated that preferential flow was
a major component of tracer movement through the vadose
zone, but the overall effect of preferential flow on
groundwater quality was not clear. However, this
experiment was viewed as the first step towards
determining the effect of preferential flow on groundwater
quality. Future experiments, such as low intensity rainfall
simulation to prevent preferential flow, and monitoring
leaching of chemicals under different tillage and chemical
management practices can be conducted to determine the
role of preferential flow on chemical transport.
SUMMARY AND CONCLUSIONS
A large borehole cavity installed at the Agronomy-
Agricultural Engineering Research Center near Ames,
Iowa, was used to investigate water and chemical transport
under simulated rainfall conditions. The system consisted
of 25 suction lysimeters installed radially from the cavity
wall with five lysimeters installed at five different depths.
Transiometers and a data logger system were used to
968 TRANSACTIONS OF THE ASAE
Figure 9–Herbicide concentrations observed in area B at the 60 cm
depth.
Figure 10–Herbicide concentrations observed in area B at the 120 cm
depth.
determine changes in soil water pressure head at depths of
60, 120, 180 cm in the vadose zone. A rainfall simulation
experiment was conducted to evaluate the performance of
the borehole cavity system by monitoring changes in
shallow groundwater quality and soil water pressure head.
Two conservative tracers and two agricultural herbicides
were used as tracers to illustrate chemical transport to the
water table. A rainfall depth of 127 mm was applied over
the area during the 7.5 h period. Water samples were
collected for chemical analysis during the period of rainfall
simulation and for 7 h after the end of rainfall.
Specifically, the conclusions of this study were:
1. The large borehole cavity system worked well and
can be used to investigate transport of agricultural
chemicals through the vadose zone.
2. Sample availability suggested that some suction
lysimeters may not have been installed with
complete hydraulic contact between the soil and
the lysimeter. However, the low suction created in
the lysimeters may have prevented the collection
of water samples from unsaturated soil.
3. The transiometers used in this study clearly
illustrated changes in soil water pressure head as
water infiltrated through the soil profile indicating
the working of the system.
4. Tracer breakthrough curves showed that
preferential flow can result in rapid transport of
surface applied bromide and water applied chloride
to the deeper soil depths.
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